A three Higgs-doublet model admitting an S 3 -symmetry can predict the observed pattern of the quark masses and their mixings. However the same symmetry also introduces potential flavourchanging neutral currents at the tree level. We assume in this work that the scalar potential contains appropriate soft S 3 -breaking terms in order to keep the choices of the scalar masses flexible. We identify the parameters in the Yukawa Lagrangian responsible for such FCNCs and constrain them using data from some of the flavour physics observables.
I. INTRODUCTION
With the recent data from the Large Hadron Collider (LHC) leaning increasingly in favour of the Standard Model (SM), the possibility of additional dynamics beyond the SM however does not fade out. Several issues stemming from both theory and experiments cannot be resolved within the SM alone thereby calling for new physics. One of such issues is the observed pattern of the fermion masses and mixings. While several theoretical scenarios have been put forth to address this issue, a particularly interesting class in this context is based on three Higgs doublets [1] [2] [3] [4] [5] . The idea here is to connect the three fermionic generations to the three scalar doublets present by means of certain discrete symmetries so as to explain the observed fermion masses and mixings. Discrete symmetries like A 4 , S 3 , ∆ 27 [6] are a few examples from a longer list that have been embedded in a three Higgs doublet model (3HDM) to the aforementioned effect.
It is not possible to predict the exact number of scalar doublets present in nature from fundamental principles, given that the electroweak ρ-parameter does not deviate from unity in presence of doublets alone. In a CP -conserving scenario, one amongst the three CP -even scalars must have a mass around 125 GeV in order to comply with Higgs discovery. It is though understood that the couplings of that scalar to fermions and gauge bosons will be scaled with respect to the corresponding SM values, and, the scaling factors will contain mixing angles that connect the gauge basis to the mass eigenstates. However, similar to what is seen in a 2HDM, it is possible to obtain an "alignment-limit" in a 3HDM also, when the couplings coincide with the corresponding SM values. The signal strength data for the 125 GeV scalar is automatically satisfied in that limit. Of course, a 3HDM can be distinguished from a 2HDM at a collider by virtue of certain cascades of scalars that bear information on the intermediate scalars present. Given that there are no hints of such signals at the LHC, the current allows a 3HDM as much as it allows a 2HDM.
A 3HDM obeying a global S 3 -symmetry is one such example that permits the desired alignment through its scalar potential. On the other hand, an immediate fallout of an S 3 -symmetric Yukawa sector is the presence of flavour-changing neutral currents (FCNCs) at the tree-level. The parameters responsible for the same must be typically small in order to satisfy the constraints from meson-mixing and meson-decays. A question then naturally arises that whether such smallness is due to a radiative effect. That is, whether the S 3 -symmetric Yukawa Lagrangian is a part of a larger symmetry at some high energy scale at which the FCNC parameters vanish, and, following a spontaneous breakdown of the bigger symmetry, they assume appropriately small but non-zero values at the electroweak (EW) scale through evolution under renormalisation group (RG). We have attempted to probe this possibility in this work.
We have computed the one-loop RG equations for all the Yukawa couplings pertaining to the S 3 -symmetry and identify the ones responsible for FCNC. Without any specific UVcomplete theory in mind, we can assume that the FCNC couplings vanish at some scale Λ.
The effective field theory below that scale then corresponds to the S 3 -symmetric 3HDM.
We iterate that our goal is not to make an exhaustive survey of the parameter space of this model taking into account all possible flavour constraints, but, to study to the sensitivity of the FCNC parameters to the aforementioned RG evolution.
The paper is organised as follows : Section II contains the details of S 3 -symmetric 3HDM.
We present the analysis and results in section III. Section IV comprises of the discussion of RG-running of Yukawa couplings of the up-and down-sectors. Finally we summarise and conclude in section V.
II. THE S 3 -SYMMETRIC THREE HIGGS DOUBLET MODEL: SALIENT FEA-
TURES
The S 3 -symmetric three Higgs doublet model or S 3 HDM is an extension of the SM based on the discrete group S 3 , which comprises three Y = 1 2 scalar doublets φ 1 , φ 2 and φ 3 . Of these, φ 1 and φ 2 rotate into each other as doublets under the S 3 while φ 3 remains a singlet under the same. The most general scalar potential consistent with the gauge as well as the S 3 -symmetry is thus [7, 8] 
Following electroweak symmetry breaking (EWSB), the doublets can be expressed
The can be defined in that case similarly as in a 2HDM. It is then seen that the diagonalizing matrices can be parametrised by two mixing angles, i.e., α and the aforementioned β. Exact forms of the unitary matrices can be seen in [7] and therefore are not shown here for brevity. Similar to the case of a 2HDM, the relation α = β − π 2 corresponds to the alignment, when the couplings of h to fermions and gauge bosons become equal to their corresponding SM values. Therefore, apart from the radiatively induced h → γγ channel, the LHC data on the signal strengths of h corresponding to the other channels is automatically satisfied upon going to the α = β − π 2 limit.
The perturbativity and unitarity bounds on the quartic couplings λ i 's put an upper bound of < 1 TeV on the non-standard masses of the model [9] . To increase the nonstandard scalar masses, (later we shall discuss that this is required to satisfy the flavour physics constraints) S 3 -symmetry is softy broken by dimension-2 operators. Then, the CPeven sector for instance, relates the mass eigenbasis to the gauge eigenbasis through a most general 3 × 3 orthogonal matrix O as follows.
where,
θ, ψ, φ being mixing angles. Now S 3 -symmetric most general Yukawa potential for up-type quark sector can be written as [7] ,
Yukawa Lagrangian for the down-sector can be obtained by replacing u → d andφ → φ.
It should be noted that the fields u i and d i presented here do not denote physical quark fields. Their superpositions which are eigenstates will be given later. Following EWSB, mass matrices for the fermions then have the following texture [7] 
We point out that M f in eq.6 is not Hermitian for y 4f , y 5f = 0 and therefore, is brought to a diagonal form by the following bi-unitary transformation
where, in eq.7, m i denotes the mass of the ith generation fermion. It is therefore possible to reproduce the observed values of the fermion masses by tuning the various Yukawa couplings and tanβ appropriately.
The matrices V L and V R induce flavour-changing couplings with the Higgses in this model.
Exact structure of the flavour-conserving as well as flavour-changing couplings can be found in appendix B.
III. ANALYSIS AND RESULTS
From appendix B, it can be seen that the flavour-changing couplings of SM Higgs involving the third generation of fermions are proportional to y 5f , i.e. by taking y 5f to be negligible, one can ensure small flavour-changing couplings for the SM Higgs. Since the mass matrix of fermions is hermitian for y 4f , y 5f = 0, we assume y 4f , y 5f = 0 for the entire analysis, which in turn makes the flavour-changing couplings to SM Higgs small.
Neglecting y 4f and y 5f , rest of the three flavour-changing Yukawa couplings y 1f , y 2f and y 3f are fixed by the fermion masses m 1 , m 2 and m 3 as mentioned below :
For analysis, we have varied y 4f and y 5f as, −0.005 ≤ y 4f ≤ 0.005, − 0.005 ≤ y 5f ≤ 0.005.
v 1 , v 2 and v 3 can be expressed in terms of the mixing-angles β and γ as,
We have used the masses of the mass eigenstates as,
To ensure that the lightest Higgs (h) of the model behaves as SM Higgs, the couplings of h to gauge bosons as well as fermions (mentioned in appendix B), are considered to be identical to that of the SM-Higgs by suitable choices of the angles β, γ, θ, φ, ψ. We have taken y 4u and y 5u to be zero at the electroweak scale. The corresponding values for y 4d and y 5d ( << y 1d , y 2d , y 3d ) at the electroweak scale are fixed by the flavour physics constraints like meson mixing, meson decays etc. as described in the next subsection. In figure 1 , the cyan colored points represent the parameter space spanned by y 4d and y 5d at electroweak scale for two different benchmark points.
A. Flavour Physics constraints
In this subsection, we discuss the relevant processes contributing to flavour physics constraints on the flavour-changing couplings to the fermions.
The effective Hamiltonian for the process B s → µ + µ − can be calculated as [10] , That is why we have approximated,
The New physics (NP) contributions to the scalar and pseudoscalar Wilson coefficients are,
, m W being mass of W -boson. Here y Φ S(P ) sb is the Yukawa coupling between scalar(pseudoscalar) and first two generations of down quarks and y Φ S(P ) µµ is the Yukawa coupling between scalar(pseudoscalar) and muons.
From the Hamiltonian in eq. (12) the branching ratio of the process B s → µ + µ − is [11, 12] ,
where m Bs , τ Bs and f Bs are the mass, lifetime and decay constant of the B s meson respectively (values can be found in reference [13] ) and
where For B s −B s oscillations, the measured branching ratio of B s → µ + µ − should be calculated as time-integrated one [15] ,
where 
The effective Hamiltonian for B s − B s -mixing can be written as [16, 17] ,
where the operators O i can be expressed as [16, 17] ,
α and β being the colour indices (not to be confused with mixing angles).
The contribution from the Standard model comes via O
V LL 1
. The Standard model contribution to the transition matrix element of B q − B q mixing is given by [16, 17] ,
where, Wilson coefficients contain the model informations and are calculated as,
where, Φ S = h, H 1 , H 2 and Φ P = A 1 , A 2 .
Overall transition matrix element of B q − B q mixing containing Standard model and NP contribution, is given by [16, 17] ,
with [18] , 
Since all the Yukawa couplings are taken to be real, the CP-violation phase becomes zero.
From eq.(31), it is evident that the mass difference ∆m q is solely dependent on Yukawa couplings y Φ S(P ) bq and masses m Φ S(P ) . The experimental constraint on ∆m q can be translated to some bound on the mixing angles and some of the Yukawa couplings in the down-sector.
Here also we have used 2σ-experimental values of ∆m q available in table II.
For brevity, we do not write detailed formulae for K 0 −K 0 mixing, which are much similar to B q − B q oscillations. The detailed formulae for K 0 − K 0 mixing can be found in reference [16, 19] .
The NP contribution to the mass difference ∆m K involves the Yukawa couplings y Φ S(P ) ds and masses m Φ S(P ) . They will restrict the mixing angles and Yukawa couplings in turn.
The hadronic uncertainties in K 0 − K 0 mixing being relatively large [20, 21] , we allow for 50% range of (∆m K ) exp (can be found in table II), while considering the Higgs FCNC effects to ∆m K . For this conservative estimate, we have followed [21] .
The aforementioned relevant flavour physics observables are tabulated in table II. proportional to y 2u which is fixed by the quark masses, the mixing angles are only affected by this constraint. Detailed formulae can be found in reference [22] . We have used 2σ-allowed range of the experimental value for the mass difference
The process t → ch gives a bound on the flavour-changing coupling y hct [23] , which is somehow less stringent. Corresponding values of y 4d and y 5d are zero to start with at 10 16 GeV, which might be an artifact of some unknown symmetry.
As we lower the energy scale, since the RG equations are coupled mutually, y 4d , y 5d can pick up a non-zero but still very small value, which are compatible with flavour physics constraints at the EW scale. The trend of evolution of other Yukawa couplings are same as in the bottom-up approach, i.e. lower is the energy scale, higher are the Yukawa couplings.
at 10 16 GeV.
V. CONCLUSION
We have considered the tree level flavour-changing neutral currents in the quark sector of 
Corresponding couplings for the down-sector can be obtained by the replacements u → d, c → s and t → b.
